We evaluate the second-order (beyond-mean-field) contribution to the equation of state of nuclear matter with the effective Skyrme force and use cutoff and dimensional regularizations to treat the ultraviolet divergence produced by the zero-range character of this interaction. An adjustment of the force parameters is then performed in both cases to remove any double counting generated by the explicit computation of beyond-mean-field corrections with the Skyrme force. In addition, we include at second order the rearrangement terms associated to the density-dependent part of the Skyrme force and discuss their effect. Sets of parameters are proposed to define new effective forces which are specially designed for second-order calculations in nuclear matter.
I. INTRODUCTION
The energy-density-functional (EDF) theory was developed in nuclear physics in the last decades. In this theoretical framework, the energy of the system is computed by using functionals of the density, which are usually derived from effective interactions [1] , with some exceptions (see, for instance, the work reported in Ref. [2] ). Mean-field-type models constitute the basis on which this theory was constructed starting from the 70s. Such models represent have strong analogies with the leading order of the many-body Dyson perturbative expansion [3] , based on the independent-particle approximation, and are currently applied to numerous many-particle systems.
Mean-field-based models are extensively employed in the study of medium-mass and heavy nuclei, and are particularly successful in describing with a good accuracy a large number of known masses and radii. Despite this success, more sophisticated beyond-mean-field models are necessary, for instance, to perform accurate spectroscopic analyses for nuclear ground states or to provide reliable descriptions of the physical fragmentation of nuclear excitations. In these cases, additional correlations, with respect to what is contained in a mean-field picture, have to be included in the theoretical scheme. Going beyond the mean field, with respect to the many-body Dyson perturbative expansion, implies including higher orders. This is a challenging task to accomplish for several reasons: among them, the highly increased numerical cost, and the conceptual problems implied by the choice of the interaction to be used. Some of these problems are mentioned in what follows. Within the EDF theory, the currently used density functionals are usually produced by phenomenological interactions or Lagrangians in the non relativistic and relativistic cases, respectively. Skyrme [4, 5] and Gogny [6, 7] forces are the most used interactions in the non relativistic framework. The fitting procedure of their parameters is performed with mean-field calculations for nuclear matter and some chosen nuclei. It is obvious that, if such interactions are used in cases where higher orders are explicitly included in the theoretical models, double-counting problems arise. Furthermore, in those cases where the effective interactions have a zero range, ultraviolet divergences may occur beyond the mean field and have to be treated.
Our objective is to construct a generalized EDF framework, where new effective interactions are introduced, which are now designed to treat both matter and finite nuclei in beyond-mean-field models, avoiding double-counting problems and regularizing ultraviolet divergences. We started this work with the Skyrme interaction [8] [9] [10] . Secondorder calculations were performed to compute the equation of state (EOS) of symmetric, neutron, and asymmetric matter. First, only symmetric matter and a simplified form of the Skyrme interaction (contact interaction with a density-dependent coupling constant) were analyzed [8] . This simplified Skyrme model corresponds to the so-called t 0 − t 3 model, where the velocity-dependent, the spin-orbit, and the tensor terms of the Skyrme force are omitted. The second-order contribution was evaluated analytically and its cutoff-dependent part was identified. The divergent part was found to have a linear asymptotic behavior with respect to a momentum cutoff. The set of parameters (three in that case) were adjusted on a benchmark EOS for several values of the cutoff. These parameter sets were recently employed in a simplified test-calculation for the nucleus 16 O [11] . The second-order correction to the total binding energy was evaluated in this nucleus and encouraging results were found indicating a reasonable convergence with respect to the chosen cutoff.
We then performed the same type of procedure (analytical derivation of the second-order contribution and adjustment of the parameters) by including also the velocity-dependent terms in the Skyrme interaction. Two directions were explored, namely: (i) keeping the cutoff-dependent terms [9] , and (ii) applying the dimensional regularization technique to extract only the finite part [10] .
We have recently realized that some aspects of the formal derivation on which both studies [9] and [10] were based are not correct and we aim here at providing the correct full formulae and results. For the sake of clarity and to present a self-contained reference on the topic, we provide here all the needed details referring previous literature, new formulae and, for an easy comparison with Refs. [9, 10] , the same type of figures. In addition, we illustrate the effect on the EOS related to the inclusion of the proper rearrangement terms at second order. Rearrangement terms were neglected in Refs. [9, 10] . The general way of computing them in beyond-mean-field models was discussed in Ref. [12] .
The ultraviolet divergence at second order is handled in two ways: (i) by using a cutoff regularization, as in Ref. [9] . The cutoff-dependent results are adjusted on a benchmark EOS and several sets of parameters are generated for each chosen value of the cutoff; (ii) by applying the dimensional-regularization procedure. Only the finite parts of the second-order corrections are thus extracted as in Ref. [10] and the cutoff-dependent part is eliminated by the dimensional regularization. A unique set of parameters is thus produced by adjusting on a benchmark EOS.
As a first approximation, in the first part of the article we replace the effective mass m * with the bare mass m, as done in Ref. [13] (this approximation will be abandoned in the last part of the article). We find in this case that the finite part of the EOS calculated for symmetric and neutron matter is coherent with the recent results shown in Ref. [13] . Differently from Ref. [13] : (1) tensor and spin-orbit parts are omitted for simplicity in the interaction. For the tensor part, this is first justified by the fact that many currently used Skyrme interactions do not contain such terms. Spin-orbit and tensor terms do not contribute to the first-order EOS. In principle, they contribute when the second order is included;
1 (2) we also calculate the cutoff-dependent part in the second-order contribution because we perform a cutoff regularization; (3) also asymmetric matter is treated here; (4) the density-dependent part of the Skyrme interaction is not omitted. It is well known that this term is necessary to reproduce the correct saturation point of symmetric matter at first order. In Ref. [13] it is stressed that this term is indeed necessary for properly reproducing the saturation density of symmetric matter also at second order. The second-order curves obtained there by omitting the density-dependent term do not reproduce at all the saturation point providing a saturation density of ∼ 0.22 fm −3 . It is well known that the inclusion of such term may be problematic in many respects (see, for instance, Ref. [14] ). Several drawbacks related to the density dependence were identified such as, for instance, the existence of pathologies in some applications of the generator-coordinate method [15] . Our pragmatic choice is to use density-dependent interactions as a starting point in our work because of their good performance, and we leave for a future work the discussion of the associated problems. Note that, despite the explicit density dependence in the interaction, the Hugenholtz-van Howe theorem [16] is satisfied in the Skyrme case whenever the proper rearrangement terms (associated to the density dependence) are explicitly introduced, as is usually done within the random-phase approximation (RPA) and as was recently done also in the specific case of the second RPA [17] . Reference [18] pointed out that the matrix elements of the interaction used for the computation of the energy in second-order perturbation theory are related to B RPA matrix elements. The RPA residual interaction (second derivative of the Hartree-Fock energy functional [19] , which automatically includes the rearrangement terms) has thus to be used to calculate the second-order energy correction. As a first approximation, as done in Refs. [9] and [10] , we neglect rearrangement terms. We then include them (together with the effective mass) in the last part of the article for symmetric and neutron matter and provide sets of parameters where their effect is taken into account. Such sets of parameters may be considered a very reasonable starting point to construct a bridge between infinite matter, where our effective regularized interactions are presently adjusted, and finite nuclei, where we eventually plan to employ them.
We analyze here the second-order integrals using two choices for the momentum cutoff. While the numerical Monte Carlo integration is performed with a cutoff (Λ) on the transferred momentum q, it turns out that the use of a cutoff (λ) on the outgoing relative momentum k ′ is more convenient for the analytical derivation. This choice is analogous to that adopted for instance in the low-momentum interaction V low−k [20] . The analytical derivation is performed here only for symmetric and pure neutron matter. For asymmetric matter, we solve numerically the second-order integrals with the Monte Carlo method. To present a coherent analysis of the obtained results and discuss figures with a unique choice for the momentum cutoff, we show in this article, in the case of the cutoff regularization, second-order EOS's obtained in all cases numerically, with a cutoff equal to Λ.
The article is organized as follows. In Sect. II the cutoff regularization is discussed. First, the analytical expressions of the second-order EOS's are shown in the cases of symmetric and pure neutron matter (Sect. II.A). Numerical results for the second-order EOS's, obtained with the Monte Carlo method, are then shown for several values of the cutoff Λ for symmetric, neutron, and asymmetric matter. Adjustments of parameters are presented and discussed (Sect. II.B). In Sect. III the dimensional-regularized results are illustrated and the adjustment of the parameters is discussed also in this case. Section IV illustrates results obtained for symmetric and neutron matter in the case where the approximation m * = m is not employed (m * is taken equal to its mean-field value) and rearrangement terms are included. Sets of parameters are provided. We draw conclusions in Sect. V. Appendix A lists the factors appearing in front of the different types of integrals which are solved by the Monte Carlo method.
II. CUTOFF REGULARIZATION
A. Analytical derivation of the second-order contribution for symmetric and neutron matter
We start by writing the standard Skyrme interaction,
where we adopt the following convention,
As already anticipated, we have omitted the spin-orbit and tensor parts, for simplicity. The parameters (t i , x i , and α) are in this case nine. P σ is the spin-exchange operator,
In Eq. (5), m * i represents the nucleonic effective mass. In this work, we first take the approximation m * i = m for simplicity. Such approximation will not be adopted in Sect. IV. In the integral of Eq. (4), k 1 and k 2 lie inside the Fermi spheres associated to k F 1 and k F 2 , respectively, and the integrals on k 1 and k 2 do not diverge. An ultraviolet divergence appears in the computation of the integral on the transferred momentum q and a cutoff Λ is put in such integral as a regulator.
We now introduce the incoming k and outgoing k ′ relative momenta, appearing in the Skyrme interaction, Eq. (1), and related to k 1 , k 2 , and q by
In this work, the analytical derivation of the second-order contribution to the EOS has been done following Ref. [21] . This specific derivation can be adapted only to the cases of symmetric and pure neutron matter, where there is a unique Fermi momentum k F 1 = k F 2 , and not to the case of asymmetric matter, where k F 1 = k F 2 . For asymmetric matter, the EOS is computed numerically by a Monte Carlo integration and discussed in Sect. II.B together with all the other numerical results. In the present section, as well as in the following, we neglect the rearrangement terms associated to the density-dependent part of the interaction. Such terms will be included in Sect. IV.
Symmetric matter
In symmetric matter as well as in neutron matter (next subsection) it is advantageous to perform the change of variables given by Eq. (7) to write the propagator as
Starting from Eq. (4), dividing by the number of particles A = Ωρ, writing explicitly the sums over spin and isospin and the direct and exchange terms, the second-order correction to the EOS is equal to
Here S and T are the total spin and isospin, respectively, M S (′) is the projection of S on the z-axis, and X
is the two-body spin state. The interaction v ST is always the interaction v of Eq. (1), after having evaluated the expectation value in the isospin state, and where we have explicitly indicated spin and isospin labels for convenience. Note that the additional factor 1/(2π) 6 in Eq. (9), with respect to the corresponding expression in Ref. [21] , comes from the different convention adopted in Eq. (2). The two terms in Eq. (9) represent the direct and exchange contributions. We have introduced a third variable K, which is chosen in the same way as in Ref. [21] , that is K ≡ k 1 + k 2 . Since both k 1 and k 2 lie inside the Fermi sphere associated to k F , the integrals on the incoming relative momentum k and on K do not diverge. A regulator must however be put on the diverging integral in k ′ (cutoff λ). If this cutoff is chosen smaller than k F , also the integral on the incoming momentum must be regulated by the same cutoff λ.
The interaction can be expanded in partial waves,
where y
JMJ lS
is written as
In general, l and l ′ in Eq. (10) must have the same parity. By imposing antisymmetrization, it holds:
This implies that the exchange term in Eq. (9) is equal to the direct term. After some manipulations, and by evaluating the spin matrix elements, Eq. (9) becomes
In Eq. (12), W indicates Racah coefficients. In our case, the interaction is diagonal in l and independent on J, that is, v (12) implies that l andl must have the same parity. This means that, for a given (S, T ), only even-even and odd-odd partial waves of the interaction may mix at second order. The Skyrme interaction of Eq. (1) contains only one type of even waves, the s-wave t 0 , t 3 , and t 1 terms, and one type of odd waves, the p-wave t 2 term. Consequently, l andl must be the same (equal to 0 or 1) and the only quadratic terms that enter in the second-order contribution are proportional to t 1 , t 0 t 3 , t 0 t 1 , t 3 t 1 , and t 2 2 (the only possible values for L are L = 0 and 2 for the p-wave case and L = 0 for the s-wave case). Interference terms proportional to t 0 t 2 , t 3 t 2 , and t 1 t 2 are absent in the EOS of symmetric and pure neutron matter. We stress that, on the other side, such interference terms are present in the EOS of asymmetric matter. This occurs due to the different Fermi momenta between neutrons and protons in asymmetric matter. Also the different effective masses of neutrons and protons would be responsible for such interference terms.
We write now explicitly the squares of the interaction v 2 S,T,l (k, k ′ ) in the different channels. For the isovector case T = 1, one has S = 0 (P σ = −1) for l = 0, and S = 1 (P σ = 1) for l = 1. The square of the interaction is then written as
and
for the two cases, respectively. Note that the factors (4π) 2 and (4π) 2 /9 in Eqs. (14) and (15), respectively, come from the partial wave expansion, Eq. (10), of the Skyrme interaction. In the isoscalar case T = 0, one has S = 1 (P σ = 1) for l = 0 and S = 0 (P σ = −1) for l = 1. The expressions for the square of the interaction v
′ ) may be obtained from Eqs. (14) and (15), respectively, by substituting (1 + x i ) to (1 − x i ) in Eq. (14) and (1 − x 2 ) to (1 + x 2 ) in Eq. (15) .
We perform a change of variables to use dimensionless vectors,
The new variables y and y ′ should satisfy the conditions
We integrate over all angles by using the function,
After some manipulations, one can write
where the explicit expressions of the functions A
L are given by Eqs. (3.16a)-(3.17b) of Ref. [21] . The radial integration on x is done and the functions I (L) are introduced,
The following expressions for the s-and p-wave contributions to the EOS may be finally written,
The expressions of the EOS's may be then obtained analytically. The two terms that should be summed up are
where we have introduced the combinations of parameters
The asymptotic behavior can be written as a polynomial form in λ. One has to sum up the two terms
Neutron matter
Note that the triple integral is the same for neutron and symmetric matter. The factors are not the same (see the nn contribution in Appendix A), leading to a different combination of the Skyrme parameters, and k F → k FN . Here we report the final result. One has to sum up the two terms
where now the combinations of parameters are defined as
The asymptotic behavior is written as the sum of the two terms
One may note that in both EOS's (symmetric and neutron matter) the divergence is linear in λ if only the t 0 − t 3 part of the interaction is taken and goes like λ 5 if the other terms of the interaction are also included, as was already indicated in Refs. [8] and [9] . The strongest divergence is provided by the t 1 term.
B. Numerical results and fits of parameters for symmetric, asymmetric and pure neutron matter
We solve the second-order integrals for symmetric, neutron, and asymmetric matter in the illustrative case δ = 0.5, where δ is the asymmetry parameter δ = (ρ n − ρ p )/(ρ n + ρ p ), and ρ n and ρ p are the neutron and proton densities, respectively. Several types of integrals are solved numerically (according to the specific second-order contribution). The factors for which such integrals are multiplied are shown in Appendix A for all terms.
The adjustment of the parameters is done in all cases on the benchmark SLy5-mean-field EOS [22] ; we use 9 points, 7 of them located up to 0.16 fm −3 and 2 of them located at higher densities, between 0.16 and 0.3 fm
, where N is the number of points on which the adjustment is done, the sum runs over this number, E i,ref is the benchmark value corresponding to the point i, and ∆E i are all chosen equal to 1% of the reference value. This means that, if the χ 2 is less than 1, the average discrepancy between the adjusted curve and the benchmark EOS is less than 1% .
Symmetric matter and incompressibility modulus
We plot in the upper panel of Fig. 1 the EOS of symmetric matter calculated up to second order for several cutoff values Λ. These curves are compared to the benchmark EOS. All the second-order curves are obtained by using the same parameters of SLy5. In the lower panel, we plot only the second-order correction. The ultraviolet divergence is well visible, especially at densities larger than the saturation density. Starting from some values of the cutoff between 1.5 and 2 fm −1 , one observes that the EOS decreases (instead of increasing) at large densities. The pressure P and the incompressibility modulus K may be computed from the EOS as first and second derivatives, respectively, that is,
The second-order pressure (upper panel) and incompressibility modulus (lower panel) calculated with the parameters of the interaction SLy5 are displayed in Fig. 2 and compared with the corresponding mean-field curves. The adjustment of the nine Skyrme parameters is then performed and Figs. 3 and 4 show the curves obtained with the refitted parameters. Figure 3 presents the difference between the refitted second-order curve and the SLy5-mean-field curve, whereas the absolute values are displayed in Fig. 4 . The saturation density is, for all values of the cutoff, the same as the benchmark one, that is 0.16 fm −3 . The refitted parameters are listed in Table I together The pressure and incompressibility modulus are then computed at second order, this time with the new values for the parameters. Figure 5 displays the difference with respect to the mean-field curves for the pressure (a) and the incompressibility modulus (b). Figure 6 shows the absolute curves compared with the mean-field ones. We observe that the maximum deviation of the incompressibility modulus from the SLy5-mean-field value at the saturation density (∼ 230 MeV) is only ∼ 5 MeV. This deviation is indicated by a black arrow in the lower panel of Fig. 5 . From the upper panel one can note that the pressure is non strictly equal to zero at the saturation density. The deviation in the derivative is however very small and accounts for very small variations in the saturation density for the different fits.
Neutron matter
We show in Fig. 7 the second-order EOS for pure neutron matter (a) and the second-order correction (b). In Table  II we list the values of the refitted parameters. Figures 8 and 9 show the refitted results (differences with respect to the mean-field curve and absolute values, respectively). The fit is also this time extremely good, and the χ are of the order of 10 −2 .
3. Asymmetric matter in the case of δ = 0.5
For asymmetric matter we take the illustrative case corresponding to δ = 0.5. Figure 10 shows the second-order EOS (a) and the second-order correction (b). Figures 11 and 12 present the refitted results shown again as differences with respect to the benchmark EOS (Fig. 11 ) and as absolute values (Fig. 12) . Table III contains the refitted parameters and the χ 2 values, which range from 10 −3 to 10 −1 , according to the value of the cutoff. The χ 2 values are still lower than 1. We can conclude that the quality of the fit is always extremely good in the three cases of symmetric, neutron, and asymmetric matter. 4. Simultaneous fit of symmetric, neutron, and asymmetric matter in the case δ = 0. 5 We have then adjusted simultaneously the second-order EOS's of symmetric, asymmetric (δ = 0.5), and neutron matter, as was done in Ref. [9] . The obtained curves are shown in Figs. 13 and 14 in absolute values and as differences with respect to the benchmark EOS's, respectively. The values of the adjusted parameters are reported in Table IV with the associated χ 2 values. We observe that now the deviations from the benchmark EOS's are larger than in the previous single fits providing however acceptable EOS's in all cases. The average discrepancy is less than 2% for cutoff values of 0.5 and 1 fm −1 (χ 2 values equal to 0.25 and 3.96, respectively), and is ∼ 3.5% for cutoff values of 1.5 and 2 fm −1 (χ 2 values equal to 13.9 and 10.7, respectively). The corresponding pressure and incompressibility modulus are shown in absolute values and as differences with respect to the mean-field curves in Figs. 15 and 16 , respectively. The incompressibility modulus at the saturation point has a maximum deviation from the mean-field value of ∼ 25 MeV, as indicated by the black arrows in the lower panel of Fig. 16 . Also in this case the pressure is not strictly equal to zero at saturation. The deviation is now larger than in the previous case (larger deviations in the saturation density for the different fits). 
III. DIMENSIONAL REGULARIZATION
In the present Section, we report the revised results, with respect to Ref. [10] , concerning the application of the dimensional regularization to the second-order integrals and the extraction of the corresponding finite contributions in the EOS's of symmetric, neutron, and asymmetric matter, for the case δ = 0.5. This regularization technique, that was originally introduced for the electroweak theory [23] [24] [25] , is based on the solution of the divergent integrals with the use a continuous parameter d which replaces their integer dimension. After the evaluation of the integral, the parameter d returns to the integer value.
In Ref. [10] , the first analyzed case was the simple model t 0 − t 3 applied to symmetric matter (the case analogous to that of Ref. [8] ). This was correctly treated and the corresponding results are reported in Sects. II.A and III.A and up to Fig. 2 of Ref. [10] .
For the other cases (Skyrme interaction containing all terms except the tensor and the spin-orbit parts, and the treatment of also asymmetric and neutron matter) the same corrections done in the previous section have to be performed in the evaluation of the second-order contribution. We provide in what follows the analytical expressions of the second-order contributions for symmetric and neutron matter. We analyze the results for symmetric, neutron, and asymmetric matter in the case δ = 0.5. The case of asymmetric matter is not derived analytically, but the finite part of this EOS is extracted from the numerical Monte Carlo calculation.
Also in the present section we employ the approximation m * = m and we neglect the rearrangement terms at second order. These approximations will be abandoned in Sect. IV.
A. Symmetric matter
Starting from the Skyrme interaction of Eq. (1), the dimensional-regularized second-order result for symmetric matter is written as
where "F " stands for finite part. The second-order EOS compared with the SLy5-mean-field EOS is displayed in Fig. 17 . The refitted curve is plotted in Fig. 18 and the corresponding parameters are written in Table V (δ = 0). We could correctly reproduce the saturation region only by restricting the fit of the parameters in a narrow region of densities close to the saturation point. The EOS is however poorly described in the other density regions, as can be seen in Fig. 18 ; this implies that the incompressibility modulus is not well reproduced (368 MeV). An improvement is however seen with respect to the adjustment presented in Ref. [13] , where the equilibrium point was completely missed. This improvement is due to the density-dependent term which allows us at least to shift the equilibrium point to its correct value. We do not report for this case the χ 2 value because the reference points for the fit are taken only close to the saturation point and such χ 2 value would thus not be comparable with those obtained from the previous fits where the reference points were distributed in the whole region of densities.
B. Neutron matter
The analytical expression for the second-order contribution is
The corresponding EOS is plotted in Fig. 19 and compared with the corresponding SLy5-mean-field EOS. Figure 20 shows the curve obtained with the adjusted parameters and Table V presents the associated parameters (δ = 1).In this case, the 9 reference points chosen for the fit are distributed in the whole region of densities. The χ 2 value is ∼ 91, indicating an average deviation from the reference points of about 9.5 %. The quality of the fit is lower than that obtained for neutron matter in the case of the cutoff regularization but is still reasonably good.
C. Asymmetric matter
The second-order EOS of asymmetric matter (for the case δ = 0.5) and the refitted curve are plotted respectively in Figs. 21 and 22 . The parameters are listed in Table V . Also in this case, as for symmetric matter, the equilibrium region can be described only by taking a narrow region of densities around the minimum to perform the adjustment of the parameters. The EOS is clearly very poorly described in the other density regions.
We may conclude that, when dimensional regularization is used, the fit of the parameters has a global good quality only for the case of pure neutron matter. We will see however in next section that results are considerably improved for symmetric matter when the rearrangement terms are taken into account.
IV. EFFECTIVE MASS AND REARRANGEMENT TERMS
We worked so far by using two approximations: We have approximated the effective mass with the bare mass and we have neglected the second-order rearrangement terms generated by the density-dependent part of the interaction. In the present section, we include first an effective mass in the computation of the second-order EOS for the cases of symmetric and pure neutron matter. Then, we also include in these cases the corresponding rearrangement terms. We use the mean-field approximation for the effective mass, where only the velocity-dependent terms contribute. Fos symmetric matter, one has
whereas for neutron matter one has
By using m * instead of m in Eq. (5), new EOS's for symmetric and pure neutron matter are obtained. In the case of cutoff regularization, they are evaluated by multiplying Eqs. (22), (23) , and (27) , (28) are listed in Table VI . The incompressibility modulus ranges from 202 to 238 MeV, according to the different cutoff values. The quality of the fit is globally very good with a maximum average deviation from the reference curve of ∼ 3%. We mention that, in the case of dimensional regularization, we found that the inclusion of an effective mass is not sufficient to improve the quality of the fit of the second-order EOS for symmetric matter, which remains similar to that shown in Fig. 18 .
We discuss now the rearrangement terms. As already anticipated in Sect. I, Ref. [18] pointed out that the square of the interaction entering in the computation of the second-order energy correction coincides with the square of the RPA B matrix, which means that the rearrangement terms have to be computed by using the second derivative of the Hartree-Fock energy functional, as done in RPA. By following such procedure and using the Landau parameters computed with the Skyrme force for symmetric and pure neutron matter [27] , the combinations of parameters containing the t 3 part in Eqs. (24) and (29) 
where "R" indicates the inclusion of the rearrangement terms. Figure 26 shows, as an illustration, how the dimensional-regularized second-order EOS's (computed with the SLy5 parameters) are modified by the inclusion of the rearrangement terms. One observes that, for the case of neutron matter, the inclusion of rearrangement terms in the EOS has a very weak effect compared to the much more important effect coming from the inclusion of the effective mass. On the other side, for the case of symmetric matter, rearrangement terms modify the curve. Such modification, with respect to the case where rearrangement terms were omitted, allows us to obtain a much better refitted dimensional-regularized EOS for symmetric matter, as will be shown below.
For the case of cutoff regularization, we present in Fig. 27 the curves obtained with a global fit including symmetric and neutron matter (the corresponding parameters and χ 2 can be found in Table VII ). The incompressibility modulus ranges from 200 to 250 MeV, according to the different cutoff values and the quality of the fit is very good as indicated by the χ 2 values. The same global does not provide any good results for the case of dimensional regularization. We have then performed separately the two fits for symmetric and neutron matter (Figs. 28 and 29 and Tables VIII and IX) . The incompressibility modulus is equal to 250 MeV. The quality of the fit is now less good but still reasonably good in the case of symmetric matter (average deviation of 13%) and acceptable for neutron matter (average deviation of 21%).
We see here the importance of including the density-dependent part of the Skyrme force. part without the rearrangement terms allowed us in the previous section to shift the equilibrium point of symmetric matter to the correct one (compared to the EOS obtained in Ref. [13] where the t 3 part of the Skyrme force was totally neglected). The inclusion of the rearrangement terms allows us now to correctly describe the EOS of symmetric matter also in the other density regions and to have a reasonable value for the incompressibility modulus. 
V. CONCLUSIONS
We have presented a study devoted to the computation of the second-order correction in the EOS of symmetric, neutron, and asymmetric matter, with the use of the Skyrme effective interaction. Owing to the zero-range of such force, the second-order contribution to the nuclear-matter EOS diverges and a momentum cutoff must be used to regularize the divergent integrals. The divergence is linear in the momentum cutoff in the simplified t 0 − t 3 model [8] and goes like the fifth power of the cutoff in the case where the velocity-dependent terms of the Skyrme interaction are also included. For simplicity, we have omitted the spin-orbit and tensor terms in the used expression of the Skyrme interaction. In addition to the occurrence of an ultraviolet divergence, second-order calculations performed with such an effective interaction present also a well-known risk of double counting, because the parameters of the force are adjusted to reproduce observables with leading-order (mean-field) calculations. This implies that the parameteres already contain in an implicit way some correlations. The cancellation of such double counting is then required.
We have treated the ultraviolet divergence appearing at second order in the EOS of nuclear matter by using cutoff and dimensional regularizations, as was done in Refs. [9] and [10] , respectively: in the first case, the full second-order correction is calculated with all the cutoff-dependent terms. The analitycal derivation of all the terms is presented for symmetric and neutron matter. Results obtained numerically with a Monte Carlo integration for symmetric, neutron, and asymmetric matter are discussed. For each value of the introduced momentum cutoff, a new set of parameters is obtained by adjusting the second-order EOS to the chosen benchmark SLy5-mean-field EOS. This procedure eliminates both double-counting problems and divergences. In the case of dimensional regularization, only the finite part of the EOS is kept. In such case, only double-counting problems arise and they are removed, also this time, by an adjustment of the parameters. Unique sets of parameters are produced for each type of EOS (no cutoff). The objective of this work is to present in a complete and detailed form revised results and figures with respect to those illustrated in Refs. [9] and [10] . We have realized recently that those results are incomplete in some aspects concerning the analytical derivation of specific second-order contributions. In addition, we have evaluated the effects associated to the rearrangemet terms entering in second-order calculations and related to the density dependence of the interaction. Sets of parameters adjusted for symmetric and neutron matter, taking into account an effective mass evaluated at the mean-field level, and including also the proper rearrangement terms are provided. Such sets may be considered a very reasonable starting point within our general objective, that is the construction of generalized effective interactions that are specially designed to be used in a beyond-mean-field scheme: parameters are adjusted at the same level of the performed calculations (no double counting) and produce results which are independent of the chosen energy or momentum cutoff. Such regularized interactions will open the possibility of performing robust beyond-mean-field applications to finite nuclei. (b) pp channel: The pp contribution is the same as the nn contribution, with k FN → k FP in Eq. (A5).
(c) np channel (in the np channel, the operator P σ provides a plus sign when applied to the spin triplet states and a minus sign when applied to the spin singlet state).
We introduce the quantity
Then:
